
lable at ScienceDirect

Quaternary Science Reviews 78 (2013) 22e33
Contents lists avai
Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev
A 7500-year strontium isotope record from the northwestern Nile
delta (Maryut lagoon, Egypt)

Clément Flaux a,*, Christelle Claude a, Nick Marriner a,b, Christophe Morhange a

aAix-Marseille University, CNRS-IRD-Collège de France, UM34 CEREGE, BP 80, 13545 Aix-en-Provence Cedex 4, France
b Laboratoire Chrono-Environnement, UMR 6249 CNRS, Université de Franche-Comté, UFR ST, 25030 Besançon, France
a r t i c l e i n f o

Article history:
Received 3 December 2012
Received in revised form
19 June 2013
Accepted 22 June 2013
Available online

Keywords:
87Sr/86Sr
Ostracods
Nile
Delta
Mediterranean
Palaeohydrology
Holocene
African Humid Period
Alexandria
* Corresponding author.
E-mail address: flaux@cerege.fr (C. Flaux).

0277-3791/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.quascirev.2013.06.018
a b s t r a c t

During the Holocene, delta evolution has been collectively mediated by relative sea-level changes,
continental hydrology and human impacts. In this paper, we present a strontium isotope record from the
Maryut lagoon (northwestern Nile delta) to quantify the interplay between relative sea-level variations
and Nile flow changes during the past 7500 years. 87Sr/86Sr stratigraphy allows five hydrological stages to
be defined. (1) The marine transgression of the area is dated to w7.5 ka cal. BP, with a clear marine
87Sr/86Sr signature (0.70905e0.7091). (2) Between w7 and w5.5 ka, in the context of the so-called Af-
rican Humid Period (AHP), freshwater inputs became progressively predominant in the Maryut’s hy-
drology. Deceleration of sea-level rise coupled with high Nile discharge induced coastal progradation
which led to the progressive closure of the Maryut lagoon. (3) Between w5.5 and w3.8 ka, the end of the
AHP is translated by a progressive hydrological shift from a Nile-dominated to a marine-dominated
lagoon (87Sr/86Sr shifts from 0.70865 to 0.7088 to 0.70905e0.70915). (4) From w2.8 to w1.7 ka,
87Sr/86Sr ratios shift towards lower values (0.7084). Although this change is not precisely resolved
because of a hiatus in the Maryut’s sedimentary record, the 87Sr/86Sr transition from sea-like to Nile-
dominated values is attributed to irrigation practices since the early Ptolemaic period (i.e. since
w2.3 ka), including the Alexandria canal which played a key role in isolating the Maryut from the
Mediterranean sea. (5) The final phase of the record covers the period between w1.7 and w0.2 ka.
87Sr/86Sr ratios indicate high freshwater inputs (from 0.7080 to 0.7085), except between 1.2 and 1.1 to
w0.7 ka, when a Maryut lowstand and seawater intrusion are attested. In modern times, the Nile’s
coastal lagoons have been increasingly supplied by freshwater linked to the diversion of waters from the
two Nile branches into the irrigation system. It is suggested that this process began in early Antiquity and
has engendered a reduction in the number of Nile branches from seven in ancient times to just two at
present.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Today, hydrological changes in deltaic settings have important
implications for coastal ecosystems, agriculture, fishery activities,
freshwater resources and human geographies (Syvitski et al.,
2009). With reference to the Nile delta, during the 20th century,
river-channel modifications, artificial waterways and a series of
dams have diverted around one third of Nile water (Stanley, 1996).
Increasing freshwater discharge from the delta’s canal system has
led to desalinization of the lagoons (Bernasconi and Stanley, 1994),
with implications for the management of fisheries. Paradoxically,
All rights reserved.
rising relative sea level (Frihy et al., 2010), coastal erosion (Frihy
and Lauwrence, 2004), deltaic subsidence (Becker and Sultan,
2009) and the recycling of sewage water have engendered soil
salinization in the northern delta (Kotb et al., 1999). Long-term
changes in the coastal hydrology of the Nile delta therefore
reflect the complex interplay, at decadal to centennial timescales,
between climate forcing, human management and local geomor-
phological responses.

Past fluctuations in the Holocene water budget provide insights
into the drivers and amplitude of hydrological changes on the Nile
delta coast. Previous research has described the early Holocene
marine transgression of the late Pleistocene alluvial plain (see
Stanley and Warne, 1993a; Butzer, 2002). The present Nile coast,
characterized by widespread lagoons and marshes behind a nearly
continuous coastal sand barrier, began to form at ca 7.5 ka cal. BP,
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under the cumulative action of a deceleration in sea-level rise and
the rapid influx of sediments (Stanley andWarne, 1993a). Since this
time, (1) relative sea-level variations (Stanley and Warne, 1993b;
Stanley and Toscano, 2009; Marriner et al., 2012a), (2) changes in
Nile discharge and sediment load (Foucault and Stanley, 1989; Said,
1993; Revel et al., 2010, 2013;Williams et al., 2010; Bernhardt et al.,
2012; Marriner et al., 2012b; Blanchet et al., 2013) and (3) early
irrigation and drainage practices on the delta (Butzer, 1976; Said,
1993; Shaw, 2000), have induced significant water budget
changes. To date, however, the coastal water budget has not been
quantified for the Holocene period. Previous work has focused
upon palaeontological proxies, which only yield qualitative insights
into the evolution of the water budget on the Nile coast (Bernasconi
and Stanley, 1994; Flaux et al., 2011).

Faunal assemblages in lagoon sediments must be used in
conjunction with others indicators to quantify palaeohydrological
changes. Reinhardt et al. (1998, 2001) demonstrated that faunal
assemblages and the Sr isotopic composition of coastal shells is a
reliable proxy to quantify the modern water budget on the Nile
coast. In this paper, we adopt the same approach for the Maryut
lagoon and look to generate a time series for the mid to late Ho-
locene sequence. This time series helps to quantify the interplay
between relative sea-level variations and Nile palaeohydrology in
modulating lagoonal water budgets during the last 7500 years.

We selected the Maryut lagoon because: (1) its location at the
margin of the delta makes it sensitive to hydrological changes,
particularly phases of deltaic extension and retraction; and (2) the
lagoon has been a key feature of Alexandria’s hinterland economy
since Antiquity (Empereur, 1998; Blue and Khalil, 2010; Blue et al.,
2011). Its shores accommodated major production centres and the
lagoon acted as a gateway to the Nile and the rest of Egypt. Sr
isotopic ratios measured in the Maryut’s Holocene archives
have allowed us to evaluate the climatic, geomorphological
and anthropogenic processes that have controlled hydrological
Fig. 1. Location map and main hydro-topo
modifications in the northwestern Nile delta and the Alexandria
region during the last 7500 years.

2. Study site and methods

2.1. Hydrological context

The Maryut lagoon is partially isolated from the sea, behind
consolidated late Pleistocene coastal ridges (Fig. 1; El-Asmar and
Wood, 2000). An outlet into the sea existed through Abu Qir
lagoon (completely drained today, Fig. 1; Flaux et al., 2011) before
the completion of the Alexandria canal at least 2000 years ago
(Hairy and Sennoune, 2006). Another outlet may have existed
through the present-day El Mexx canal (Fig. 1). Nile inflow to the
Maryut was supplied by at least two tributaries, linked to the
former Canopic branch (Fig. 1; Trampier, 2009; Flaux, 2012). The
latter was the westernmost branch of the Nile and has progres-
sively silted up during the past 2000 years (Fig. 1; Toussoun, 1922;
Bernand, 1970; Chen et al., 1992; Stanley et al., 2004a; Hairy and
Sennoune, 2006). Local precipitation is negligible, given the semi-
arid to arid climatic context of the area (Butzer, 2002). The Sr iso-
topic composition of Maryut ostracods therefore essentially results
from a mixing between Nile water and seawater (Fig. 1).

Sr behaves conservatively in estuarine and brackish environ-
ments (Ingram and Sloan, 1992; Reinhardt et al., 1998). In contrast
to oxygen isotopes, strontium isotopes show no measurable frac-
tionation with temperature or other physical environmental
changes (Faure and Powell, 1972; Gosz et al., 1983; Hart et al., 2004;
Lance et al., 2011). Biogenic carbonates incorporate Sr in their
crystal lattices without any vital effects (Durazzi, 1977; Graustein,
1989; Reinhardt et al., 1999; Holmes et al., 2007) and therefore
record the 87Sr/86Sr of the water in which they grew. The Sr
composition of Nile water (87Sr/86Sr ¼ 0.706; [Sr] ¼ 0.235 ppm;
Brass, 1976; Gerstenberger et al., 1999) is well differentiated from
graphical features of the study area.
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seawater (87Sr/86Sr ¼ 0.709172; [Sr] ¼ 9 ppm; Hodell et al., 1990).
This geochemical contrast allowed us to evidence variations in the
Maryut lagoon water budget.

2.2. Sampling and analytical methods

Ostracods taken from section M3 and cores M12 and M12bis
(Fig.1) were selected for strontium analyses. CoresM12 andM12bis
are 9 m long and constitute the longest sequences in the Maryut
area. Section M3, located close to M12, was selected because at
this site the upper part of the Maryut stratigraphy has not
been reworked by recent human activities. This section of the
Maryut’s upper stratigraphy allows a better identification of bio-
sedimentological units and a finer sampling resolution.

Microfauna was separated from the terrigenous fraction using a
200 mm sieve. We selected the euryhaline ostracod Cyprideis torosa,
present throughout most of the sequence, because the species has a
wide tolerance to salinity, from lightly brackish to hypersaline en-
vironments (Athersuch et al., 1989; Frenzel and Boomer, 2005). At
least 30 valves were extracted from each sample. Clean shells were
selected and washed with milliQ water and then dissolved in a 3 N
HNO3 solution. In gypsum-rich samples,w30 clean and translucent
gypsumcrystalswere sampled fromthe sandy fraction. Gypsumwas
then dissolved in 3 N HNO3. For both carbonate shells and gypsum
samples, we centrifuged before selecting the supernatant so as to
avoid Sr contamination by possible undissolved residues. Sr purifi-
cation techniques are reported in Ollivier (2006). Sr isotopic mea-
surements were performed on a Finnegan MAT 262 multicollector
thermo ionization mass spectrometer (TIMS). Possible isobaric in-
terferences from 87Rb were carefully checked using 85Rb. Total
procedureblankswerebelow10ng,which is negligible compared to
the 1 mg Sr sample sizes used. Fifteen replicate analyses of the NBS
987 standard yielded an 87Sr/86Sr of 0.710265 � 0.000046 (2s). All
Sr ratios have been normalized to an NBS 987 87Sr/86Sr certified
value of 0.710248 (Table 2). The freshwater detection limit is
87Sr/86Sr¼ 0.709126, with a reported error in the Sr isotopic ratio of
46 ppm, subtracted from the seawater signature (see Fig. 3).
Measured 87Sr/86Sr constitutes an apparent value; it is the mean
equivalent of the time-range represented by the bulk sample
thickness. Most of the sample ages range betweenw150 andw250
years (see Fig. 3). Therefore, seasonal to multi-decadal changes in
Nile flow cannot be resolved by our data. Instead, we have focused
upon centennial tomillennial-scale hydrological changes during the
Holocene.

In addition, the relative mass of biogenic material and C. torosa
abundance in bulk samples were used as proxies for the lagoon’s
biomass production through time, because shells were deposited in
situ and were well preserved in the sediment (Flaux et al., 2011).
These time-series have been compared and contrasted with the Sr
data.

2.3. Chronological framework

The age model is based on 32 radiocarbon dates, compiled from
cores taken in the northwestern Nile delta area (for core location
and references see Fig. 1). Carbonate samples comprise mainly
connected lagoon shells (Cerastoderma glaucum). Organic samples
constitute wood and organic-rich lenses takenwithin the sediment
sequence. Most of the samples were taken at stratigraphic
boundaries within the Holocene sequence. The dataset is repre-
sented in the form of a summed Probability Density Function plot
(PDF; Fig. 2A). Narrower PDF peaks can be noted at the late Pleis-
tocene boundary, and between units 1e2, 2e3 and 3e4 (Fig. 2A).
For these four well-dated stratigraphic boundaries of the Maryut’s
lower sequence, the mean age �2s was used for calibration
(Table 3). Reservoir ages used for calibration are discussed in Sec-
tion 4.1. Sedimentation rates in cores M12 and M12bis and section
M3 were then calculated, based on the stratigraphic boundary’s
calibrated age. For the upper sequence, the complexity of the
stratigraphy, as well as lateral changes and reworking at the top of
the cores did not allow us to employ the same methodology. We
used the age model defined in Flaux et al. (2012).

3. Results

The Maryut’s Holocene sequence lies above late Pleistocene stiff
muds that were deposited in an inland sebkha in proximity to a
former branch of the Nile (Chen and Stanley, 1993). Table 1 sum-
marizes previous bio-sedimentary results including grain size an-
alyses, faunal assemblages and gypsum identification (Flaux et al.,
2011, 2012). We have identified six units above the late Pleisto-
cene surface. The first unit comprises dark grey silty clay. The
matrix includes abundant lagoonal shells and shell debris. The
relative proportion of biogenic and biodetritic fractions is w25 %.
This facies was interpreted as being a marine-influenced lagoon
that indicates a perennial connection between the lagoon and the
sea. The second unit is mostly composed of dark grey silty clay,
which is compact and homogeneous. The biogenic fraction drops to
0e4% of the aggregate sediment mass. Only a few specimens of C.
torosa were found within the matrix, indicating a confined lagoon,
i.e. a distal lagoon with a low rate of seawater replenishment
(Guelorget and Perthuisot, 1983). The third unit is very similar to
the first one, comprising dark muds rich in lagoonal shells, which
constitute up to 30% of the sediment aggregate. Clear alternations
between shell and mud layers were observed at a centimetric scale.
These cycles suggest that the lagoon bottom was colonized by
benthic species before being rapidly buried by muds during Nile
floods. Compared to the second unit, the faunal assemblages indi-
cate a return to marine-dominated conditions. The fourth unit was
characterized by light brown clayey silt. The appearance of lightly
brackish species attests to a brackish to lightly-brackish lagoon
with higher Nile inflow (Table 1), although the mixing with
lagoonal species sensu stricto (Table 1) translates water budget
fluctuations between Nile and marine inputs (Bernasconi and
Stanley, 1994). The two faunal groups were found together within
the same aggregate sample, probably because of rapid hydrological
changes (e.g. in the modern Manzala lagoon, Reinhardt et al., 1998,
2001). In the fifth unit, mud deposits were accompanied by in situ
gypsum crystals which represent between 20 and 50% of the
sediment aggregate. With the exception of a few specimens of C.
torosa, benthic fauna did not live within this evaporitic environ-
ment. The facies was interpreted as a periodically flooded sebkha
(Flaux et al., 2012). Finally, faunal assemblages and sedimentary
features of the sixth unit attest to similar hydrological conditions to
unit 4, i.e. fluctuations between Nile and marine-dominated inputs
(Table 1).

In summary, the Maryut’s Holocene sequence comprises high
proportions of silts and clays indicating that the Maryut has always
been a low-energy decantation basin in a distal location to the
closest Nile (Canopic) branch (Fig. 1). Sands and gravels deposited
within these muds were mainly in situ biological fossils. The rela-
tive biogenic fraction of the sequence varied between 0 and 40%
(Fig. 3B). The abundance of C. torosa varied between <10 and
w10,000 valves per 10 g of sediment aggregate (Fig. 3C). The two
proxies showed a similar trend up the sequence, with higher values
in the marine-influenced lagoon and the lightly brackish biofacies,
and lower values in the confined lagoon and sebkha biofacies.

Sedimentation rateswere calculated for all radiocarbon couplets
from cores taken on the northwestern Nile delta. A total of 75
radiocarbon dates were used for these calculations (see Flaux, 2012

https://www.researchgate.net/publication/240923922_Variation_in_the_strontium_isotope_composition_of_sea_water_8_Ma_to_present_Implications_for_chemical_weathering_rates_and_dissolved_fluxes_to_the_oceans?el=1_x_8&enrichId=rgreq-5b4baae3-126b-4bbd-a9b5-07b7f322ab42&enrichSource=Y292ZXJQYWdlOzI1NjA4MTE1NDtBUzo5ODgyOTg1MjQ3OTQ5NUAxNDAwNTc0MjgyNjY2
https://www.researchgate.net/publication/248290045_Frenzel_P_and_Boomer_I_The_use_of_ostracods_from_marginal_marine_brackish_waters_as_bioindicators_of_modern_and_Quaternary_environmental_change_Palaeogeography_Palaeoclimatology_Palaeoecology_vol_225_?el=1_x_8&enrichId=rgreq-5b4baae3-126b-4bbd-a9b5-07b7f322ab42&enrichSource=Y292ZXJQYWdlOzI1NjA4MTE1NDtBUzo5ODgyOTg1MjQ3OTQ5NUAxNDAwNTc0MjgyNjY2


Table 1
Sedimentary features and faunal composition of biofacies from the Maryut lagoon sequence. Data from cores M3, M12 and M12bis (location Fig. 1). Original data in Chen and Stanley (1993) (the late Pleistocene unit), Flaux et al.,
2011 (units 1, 2, 3), Goodfriend and Stanley, 1996 (unit 4) and Flaux et al., 2012 (units 4, 5, 6).

Age/unit Thickness
range (m)

Color/texture/structure Biogenic
relative
mass

Ecological bio-indicators and relative abundance
(A: abundant/dominant species; B: rare/accessory species)

Gypsum form Ecological and
geomorphological
meaning

Low-brackish Lagoon sensu stricto

Late Pleistocene 0.3e3 Greenish e grayish clayey
silt. Numerous Oxidized
patches and carbonates
nodules

w0% e B: Cyprideis torosa (ostracod) e Inland playa, in
proximity of Nile
channel

Holocene 1 0e0.2 Shelly dark muds w25% e A: Cyprideis torosa (ostracod)
Ammonia beccarii (foraminifera)
Cerastoderma glaucum (bivalve)
Hydrobia sp. (gastropod)

e Marine influenced
euryhaline lagoon

2 0e4.2 Dark muds 0e4% e B: Cyprideis torosa (ostracod)
Ammonia beccarii (foraminifera)
Hydrobia sp. (gastropod)

Syn- and
postsedimentary
gypsum crystals

Confined lagoon
(disconnected to the
sea at least periodically)

3 1.3e2.6 Shelly dark muds
Centimetric alternation
deposit of dark muds and
shells layers

15e40% e A: Cyprideis torosa (ostracod)
Ammonia beccarii (foraminifera)
Cerastoderma glaucum (bivalve)
Hydrobia sp. (gastropod) B:
Scrobicularia plana (bivalve)
Loripes sp. (bivalve) Pirenella
conica (gastropod)

e Marine influenced
euryhaline lagoon

4 0.15e0.2 Brown to grayish muds 5e15% B: Menaloides
tuberculata (gastropod)
Chara tomentosa
(Characea) Chara
zeylanica (Characea)

A: Cyprideis torosa (ostracod)
B: Ammonia beccarii
(foraminifera) Cerastoderma
glaucum (bivalve) Hydrobia sp.
(gastropod)

Mycelium-like
postsedimentary
gypsum

Brackish to lowbrackish
lagoon

5 0e1.1 Grey to dark grey sandy
muds. Some gypsum
deposit in alternation with
dark grey muds deposit.
Muds cracks.

w0% e B: Cyprideis torosa (ostracod)
Hydrobia sp. (gastropod)

20e50% of the bulk.
Synsedimentary
gypsum.

Sebkha periodically
flooded

6 0e0.65 Grey to dark grey muds.
Organic layers.

5e15% B: Menaloides
tuberculata (gastropod)
Corbicula fluminalis
(bivalve) Gyraulus sp.
(gastropod) Limnae sp.
(gastropod)

A: Cyprideis torosa (ostracod)
Ammonia beccarii (foraminifera)
Hydrobia sp. (gastropod)
B: Scrobicularia plana (bivalve)
Loripes sp. (bivalve) Pirenella
conica (gastropod)

Mycelium-like
postsedimentary
gypsum.

Brackish to low-
brackish lagoon
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Table 2
Sr isotope data from the ostracod Cyprideis torosa and from gypsum extracted in
cores M12 and M12bis and section M3. Fifteen replicate analyses of the NBS 987
standard yielded a 87Sr/86Sr ratio of 0.710265 � 0.000046 (2s). All Sr ratios
measured in this work have been normalized to an NBS 987 87Sr/86Sr certified value
of 0.710248.

Core Depth b
msl (cm.)

Units Material Ostracod
valves
number

87Sr/86Sr

M12 395e420 5 Gypsum e 0.709071
M12 400e425 5 Shells 31 0.708802
M12 440e450 5 Gypsum e 0.708992
M12 485e495 5 Gypsum e 0.708839
M12 495e505 4 Shells 35 0.708557
M12 505e525 4 Shells 29 0.708576
M12 540e575 3 Shells 35 0.708603
M12 590e625 3 Shells 32 0.709085
M12 640e675 3 Shells 40 0.709117
M12 675e700 3 Shells 35 0.709087
M12 725e750 3 Shells 30 0.709000
M12 750e775 3 Shells 35 0.709012
M12 775e785 3 Shells 40 0.709153
M12 1175e1195 2 Shells 38 0.709074
M12 825e850 2 Shells 30 0.708915
M12 850e875 2 Shells 27 0.708731
M12 890e925 2 Shells 30 0.708800
M12 990e1025 2 Shells 30 0.708700
M12 1040e1075 2 Shells 38 0.708804
M12 1140e1175 2 Shells 38 0.709055
M12 1195e1215 1 Shells 40 0.709094
M12 1215e1225 1 Shells 39 0.709122
M12bis 620e655 3 Shells 75 0.709140
M12bis 655e690 3 Shells 65 0.709120
M12bis 690e725 3 Shells 44 0.709120
M12bis 725e760 3 Shells 66 0.709018
M12bis 1180e1190 1 Shells 70 0.709103
M12bis 1190e1195 1 Shells 49 0.709114
M12bis 1145e1180 1 Shells 27 0.709084
M12bis 1195e1215 1 Shells 43 0.709139
M12bis 1215e1250 Late

pleistocene
Shells 11 0.708855

M3 365e380 6 Shells 60 0.708685
M3 380e394 6 Shells 29 0.708429
M3 394e398 6 Shells 29 0.708664
M3 394e398 5 Gypsum e 0.708897
M3 398e402 5 Gypsum e 0.709034
M3 403e408 5 Gypsum e 0.708991
M3 410e430 5 Gypsum e 0.708929
M3 438e442 4 Shells 50 0.708086
M3 444e448 4 Shells 60 0.708396
M3 448e452 4 Shells 60 0.708393
M3 463e468 3 Shells 30 0.708783
M3 468e470 3 Shells 27 0.709083
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for further details). Each couplet indicates a mean sedimentation
rate for a given point (one core) and period. The whole dataset is
plotted in Fig. 3D and translates the spatially averaged sedimen-
tation rate for the northwestern delta. The data clearly denotes a
gradual decrease in sediment loadings from w4 to 0e1.5 mm yr�1

over the last 7500 years.
87Sr/86Sr varied between 0.7081 and 0.7092 (Fig. 3D and

Table 2). Higher values were recorded within marine-influenced
lagoon facies (units 1 and 3), presenting a range of 0.7090e
0.7092. In the confined biofacies (unit 2), Sr isotopic ratios decrease
progressively down to 0.7087 in the middle of the unit before
gradually increasing in unit 3. Ostracods taken in late Pleistocene
sediments (cores M12 and M12bis), and at the top of unit 3 (core
M12 and section M3), were characterized by 87Sr/86Sr values
similar to those of the overlying biofacies, rather than the biofacies
in which they were found (Fig. 3D). We attribute these points to
mixing and reworking processes at the stratigraphic boundaries.
For this reason, these points were subsequently removed from the
Sr isotope time series. The upper part of the sequence (units 4, 5
and 6) showed the lowest values for the whole sequence. However,
the lightly-brackish biofacies displays a relatively wide range of
87Sr/86Sr values, namely 0.7081e0.7086 for unit 4 and 0.7084e
0.7087 for unit 6 (Fig. 3D). Between the two, 87Sr/86Sr in gypsum
crystals from the sebkha-like biofacies (unit 5) showed higher
radiogenic values, ranging between 0.7088 and 0.7091 (Fig. 3D).

4. Discussion

4.1. Marine reservoir age and hard water effects

Radiocarbon ages obtained from carbonate-rich samples in
coastal areas need to be corrected for marine reservoir effects (i.e.
the difference between the atmospheric radiocarbon content and
the local 14C content of the ocean surface water) and hard water
effects resulting from themixing of seawater and C-rich continental
water. Recent studies in three western Mediterranean lagoons have
demonstrated a reservoir age ranging between w600 and w1200
years (Zoppi et al., 2001; Sabatier et al., 2010). The hard water effect
refers to the dilution of 14C in the water body by the influx of
continentally derived 14C-free inorganic carbon. It can be estimated
using the apparent 14C age of lagoonal shells or organic matter
taken in the topmost part of the sequence. A radiocarbon age ob-
tained for a shell of Cerastoderma taken towards the top of the
Maryut sedimentary sequence (section M3) indicated an apparent
age of 345 � 30 yr, while a thin organic layer w10 cm below the
latter sample yielded a similar age of 300� 30 yr (Flaux et al., 2012).
These recent ages are coherent with the last stage of the Maryut
sedimentary sequence, before it dried up in the late 18th century
AD before being reclaimed in the late 19th century AD (Flaux et al.,
2012). In light of this, samples were not corrected for a hard water
effect. However, 14C samples that were taken in a marine-
dominated environment, as determined by the Sr isotopic ratio
(see below), were corrected for a marine reservoir effect of 400
years, as established by Goiran (2001) in the bay of Alexandria.

4.2. Origin of strontium in the Maryut’s palaeo-waters

Changes in 87Sr/86Sr measured in the fossil material of Maryut
lagoon are related to changes in water balance between freshwater
(Nile) and seawater (Mediterranean). However, changes in the
composition of Nile water or seawater with time may alter the
Maryut’s Sr isotopic composition even though there have been no
alterations in the water balance. The water budget could further-
more be mediated by changes in the regional precipitation and
evaporation (E/P) regime during the Holocene (e.g. Zhao et al.,
2012).

Because the residence time of Sr in the oceans is long (2.5 Ma;
Hodell et al., 1990), compared to its short mixing time (around 1000
years, Capo et al., 1998), the 87Sr/86Sr value of the ocean reservoir is
considered to be homogeneous and to have remained unchanged at
the Holocene timescale (Capo and DePaolo, 1990; Hodell et al.,
1990).

However, the strontium concentration and isotopic composition
of Nile waters are needed to interpret changes in the Sr signature of
Maryut waters. The Sr budget of the Nile derives from the fluvial
weathering of the rocks and sediments that the water flows over or
through. Themain Nile comprises flow from three major tributaries
that drain two catchments that differ in terms of age, geology and
climatic regime (Woodward et al., 2007). The White Nile (WN)
catchment is made-up of Pre-Cambrian crystalline basement in
central Africa (Williams, 2009), while the Blue Nile (BN) and the
Atbara River catchment is composed of Cenozoic volcanic base-
ment, under monsoon-driven precipitation (Conway, 2000). At
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Fig. 2. A-Summed Probability Density Function (PDF) plot of thirty two radiocarbon dates compiled from cores taken in the northwestern Nile delta area (core locations are given in
Fig. 1; original data from Goodfriend and Stanley, 1996; Flaux et al., 2011, 2012; Flaux, 2012). B-Age model for cores M12, M12bis and M3. Note the sedimentary hiatus between units
4 and 5, observed in both M12 and M3. C-Holocene biofacies and stratigraphic units in cores M12, M12bis and section M3, after Flaux et al. (2011, 2012). Hatching indicates
reworked sediments, linked to modern human activities.
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present, their hydrology and sediment loads aremarkedly different.
The WN contributes almost a third of the total water discharge but
only a minor proportion of the sediment load (3%), while the BN
and Atbara River respectively account for 56% and 14% of the water
discharge, and 72% and 25% of the sediment load (Foucault and
Stanley, 1989). As a result, the present 87Sr/86Sr of Nile water and
sediment measured in the main Nile is very similar to the BN
signature (Krom et al., 1999; Revel et al., 2010). A change in pre-
cipitation pattern and erosion conditions in Nile catchments during
the Holocene (i.e. a change in the relative fraction of WN, BN and
Table 3
Radiocarbon data used in this study to refine the boundary ages. Sources: (1) Goodfriend
marine-dominated conditions, as demonstrated by the Sr isotopic ratio. 14C ages were cor
the age of 370 � 40 yr obtained for a pre-bomb shell of Muricopsis trunculus collected aliv
and the software Calib 6.0 (Stuiver et al., 2005) were used for calibration.

Units boundary Sources Cod lab Material

3e4 1 CAMS-18024 Cerastoderma sp.
2 SacA 11625 Cerastoderma gl.
2 SacA 11628 Cerastoderma gl.
2 SacA 11654 Cerastoderma gl.

2e3 1 AA-12434 Cerastoderma sp.
2 SacA 11622 Cerastoderma gl.
2 SacA 11634 Cerastoderma gl.
2 SacA 11643 Cerastoderma gl.
2 SacA 11639 Cerastoderma gl.
2 SacA 11655 Cerastoderma gl.

1e2 2 SacA 11632 Cerastoderma gl.
2 SacA 11633 Cerastoderma gl.
2 SacA 11642 Cerastoderma gl.

Late Pleistocene e

Holocene
2 SacA 11644 Organic residues
2 SacA 11645 Cerastoderma gl.
Atbara waters forming the main Nile) would have modified the Sr
composition of Nile water entering the delta.

To date, no data on the main Nile’s Sr isotope ratios are available
for the Holocene period. However, 87Sr/86Sr of water and fine
sediments (suspended fraction < 63 mm) of the modern main Nile
(0.706 vs. 0.7047e0.7066; Brass, 1976; Gerstenberger et al., 1999;
Krom et al., 1999; Revel et al., 2010; Padoan et al., 2011), the
modern BN (0.7059 vs. 0.7054e0.7059; Palmer and Edmond, 1989;
Krom et al., 2002; Box et al., 2011; Padoan et al., 2011) and the
modern WN (0.7095e0.7109 vs. 0.7105e0.7111; Talbot et al., 2000;
and Stanley (1996); (2) Flaux et al. (2011, 2012). All shells used were formed within
rected for the average reservoir age of seawater (400 yr), which is in agreement with
e in Alexandria (Goiran, 2001). The Marine09 calibration curve (Reimer et al., 2009)

Section/core 14C age � analytical
error

14C age � std.
dev. (2s)

Age range
cal. BP

S79 3010 � 60 3010 � 42 2710e2865
M4 3030 � 30
M3 3015 � 30
M17 2985 � 30
S79 4280 � 50 4228 � 83 4080e4545
M4 4255 � 30
M9 4220 � 30
M10 4240 � 30
M12 4160 � 30
M17 4210 � 30
M9 6540 � 30
M9 6545 � 30 6570 � 95 6850e7290
M12 6625 � 30
M10 7010 � 30 7040 � 85 7385e7680
M10 7070 � 30
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Fig. 3. A-Maryut summary log and palaeo-environments (legend in Fig. 2C), B-the relative mass of the biogenic fraction, C- relative abundance C. torosa, D-87Sr/86Sr in C. torosa
shells from the Maryut sequence plotted against time (calendar ages BP). For each sample, the vertical bar represents the age range of the aggregate sample in which the shells
(w30) were sub-sampled. When not depicted, the vertical error bar is smaller than the symbol. Data for the modern Manzala lagoon are from Reinhardt et al. (1998, 2001). The Nile
detection limit is the point at which the deviation of the 87Sr/86Sr measurement from the seawater value can be detected, taking into consideration the analytical error of 46 ppm.
E-sedimentation rate in the northwestern Nile delta (Flaux et al., 2012).
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Krom et al., 2002; Padoan et al., 2011) show that the 87Sr/86Sr of the
dissolved fraction is similar to the higher radiogenic end of the
isotope range of the suspended fraction. Moreover, late Pleistocene
(w11.8 ka BP) 87Sr/86Sr of BN waters measured in molluscs dis-
played a ratio of 0.7071 (Talbot et al., 2000), while well-defined
flood deposits, dated to 8.5e9 ka cal. BP, sampled in a prodelta
core have been interpreted as “pure” BN sediment with a 87Sr/86Sr
of 0.70685 (Revel et al., 2010, 2013). Therefore, the Sr isotopic ratios
of the dissolved fraction of Nile waters should be reflected by
87Sr/86Sr in the suspended fraction. Because the latter proxy was
measured by Krom et al. (1999, 2002) in Holocene sediments
deposited in the Manzala lagoon (eastern delta), 87Sr/86Sr ratio
measured in the fossil biogenic material of the Maryut lagoon can
be used to reconstruct changes in mixing between seawater and
Nile water.

Changes in Holocene precipitation and sea-spray inputs could
potentially alter the Maryut’s water budget. However, this
component of the Sr isotopic budget is not considered in this study
because the concentration of Sr in rainfall is generally several or-
ders of magnitude lower (e.g. 4e40 ppb in eighteen rain samples
from Israel, Herut et al., 1993) than that of the Nile (0.235 ppm) and
seawater (8 ppm).

4.3. Palaeo-hydrology of the Maryut lagoon

Micropalaeontological and Sr isotope data elucidate the hydro-
logical history of the Maryut since 7.5 ka cal. BP (Fig. 4). Changes in
the water budget have been compared and contrasted with: (1)
modelled relative sea level for the Carmel coast of Israel (Sivan
et al., 2001, 2004); (2) changes in Nile runoff reconstructed using
Ti/Ca ratios (Blanchet et al., 2013); (3) relative precipitation in the
Blue Nile watershed, derived from d18O of carbonates in lake
Ashenge (Marshall et al., 2009); and (4) relative precipitation in the
White Nile watershed derived from diatom data from Lake Victoria
(Stager et al., 2003). At the local scale, possible humanmodification
of the Maryut’s hydrology, such as irrigation networks attested by
historical sources (Flaux et al., 2012) are also depicted in Fig. 4.

4.3.1. Marine ingression at w7.5 ka
Lagoon sedimentation in the Maryut area began at w7.5 ka.

87Sr/86Sr presents a clear seawater signature (Fig. 3D) that trans-
lates the Holocene marine transgression of the Maryut area. The
base of the Holocene sequence in core M12 was measured at
12 m below msl and marks the relative sea level minimum at w7.5
ka. It is consistent with regional models of sea-level rise (Sivan
et al., 2001, 2004) suggesting that the sea level was
w10 m below msl at this time (Fig. 4). Sedimentation rates in the
northwestern delta have progressively decreased during the last
w7500 years (Fig. 3E). We suggest that this was controlled by the
gradual decline in sea-level rise during the same period. This
interpretation is supported by the concept of accommodation
space, which controls the basin’s water depth and the potential for
further sediment build-up (Einsele, 2000). It implies that the
Maryut basin has not been significantly affected by vertical land
movements (and subsequent relative sea-level rise) since the mid-
Holocene, which contrasts with archaeological data from Aboukir
Bay (Stanley et al., 2004b). Previous investigations of the Maryut’s
Holocene sequence (Warne and Stanley, 1993; Stanley and Warne,
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Fig. 4. 87Sr/86Sr in the Maryut sequence (see legend in Fig. 3) depicted alongside: relative sea-level modelled for the Carmel coast of Israel (Sivan et al., 2001, 2004), relative
terrigenous and marine inputs in the Nile deep-sea fan (Blanchet et al., 2013), d18O of carbonates from lake Ashenge (Marshall et al., 2009), and diatom data from Lake Victoria
(Stager et al., 2003; CAS1 mainly represents relative abundances of shallow and deep-water taxa and is therefore an estimate for lake depth). The mass fraction of seawater was
estimated via a two-component mixing equation using modern seawater (87Sr/86Sr ¼ 0,709172; [Sr]Sw ¼ 9 ppm; Hodell et al., 1990) and Nile river water (87Sr/86Sr ¼ 0.706;
[Sr] ¼ 0.235 ppm; Brass, 1976; Gerstenberger et al., 1999) as the two end-members (e.g. Andersson et al., 1992).
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1993a) yielded similar conclusions with regards to the relative
vertical stability of the Maryut basin, although Marriner et al.
(2012a) have recently elucidated probable compaction processes.

4.3.2. Deceleration of sea-level rise and progradation of the Nile
delta coast between w6.8 and w5.5 ka cal. BP

Following the marine transgression of the Maryut depression,
the Sr isotopic ratio slowly shifted from marine values towards
lower radiogenic values between w6.8 and w5.5 ka cal. BP
(Fig. 3D). Sr isotope ratios reached a low of 0.7087 during this
period consistent with higher Nile inflow into the lagoon that
significantly diluted the former marine-dominated water budget.
We suggest that this phase translates both: (1) the strong decel-
eration of sea-level rise (Morhange et al., 2001; Sivan et al., 2001,
2004); and (2) high Nile inflow recorded during the late African
Humid Period (AHP), richly documented to have spanned w12 up
to w5.5 ka cal. BP, recorded in eastern African lake levels (Gasse,
2000; Chalié and Gasse, 2002; Marshall et al., 2009, Fig. 4), sap-
ropel deposition in the eastern Mediterranean (e.g.Weldeab et al.,
2002; Box et al., 2011) and Nile floodplain geomorphology (Said,
1993; Woodward et al., 2007; Williams et al., 2010). On the Nile
delta, it has been shown that the Sebennitic mouth prograded at
least 15 km seaward between 8 and 6 ka (Stanley and Warne,
1993a; uncalibrated 14C dates). In a broader context, major world-
wide deltaic sequences were initiated between 8.5 and 6.5 ka BP
because of the relative stabilisation of sea level around this time
(Stanley and Warne, 1994; Hori et al., 2004). We suggest that the
progradation of the Nile delta, and especially the Canopic lobe in
the western delta (Fig. 1; Stanley et al., 2004a), led to the partial
isolation of the Maryut lagoon from the sea. Biogenic production
during this phase reached low values (Fig. 3B and C), accompanied
in the sand fraction by gypsum crystals, consistent with the
confinement of the lagoon (Guelorget and Perthuisot, 1983), with
reduced seawater exchanges (Flaux et al., 2011).

4.3.3. The mid- to late-Holocene pluvial/arid transition: w5.5 to
w3.8 ka cal. BP

After w5.5 ka cal. BP, 87Sr/86Sr ratios shift towards higher
radiogenic values. A fully marine-like signature is recorded from
w3.8 to w2.8 ka cal. BP. 87Sr/86Sr measured in fine sediments
(<20 mm) from the Manzala’s Holocene sequence, decreased from
w0.7087 to w0.7077 between w6 and w5 ka cal. BP (core S21;
Krom et al., 2002). As previously discussed, Sr in the suspended
load is very similar to the dissolved fraction (see Section 4.2).
Therefore, it is suggested that the main Nile waters’ Sr isotopic ratio
decreased in a similar manner to the suspended load measured in
core S21. In the Maryut lagoon, however, the Sr ratios’ shift towards
higher radiogenic values between w5.5 and w3.8 ka cal. BP,
consistent with an inflow of seawater into the lagoon. Accordingly,
the diversity and abundance of the lagoon’s biota describes a
similar trend during this period. This ecological response also
translates the enhancement of water exchange between the lagoon
and the sea, as demonstrated in a study of numerous present-day
marginal marine environments (Guelorget and Perthuisot, 1983).

Several causes can explain the increase in seawater in the la-
goon’s water budget between w5.5 and w3.8 ka cal. BP. Storm
surges are short timescale events that introduce seawater into la-
goons. However, there was no evidence of storm impacts in the
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studied cores or, for that matter, in other cores from the Maryut
lagoon (Flaux, 2012). Moreover, the progressive increase in marine
influence evokes longer, millennial-scale processes. Relative sea-
level rise was minor in the study area because the rate of eustatic
sea-level rise slowed during this period (Fleming et al., 1998; Sivan
et al., 2001, 2004; Fig. 4) and significant land-level drops can be
ruled out. A final cause is the reduction of Nile inflow to the lagoon,
considering that theMaryut’s inflow is primarily a balance between
Nile waters and seawater. A reduction in Nile inflow may either
translate the eastward migration of the Canopic branch that sup-
plied the Maryut lagoon (Fig. 1), or a basin-scale reduction in Nile
flow, well identified between w5.5 and w4.5 ka cal. BP by a
lowering of Ethiopian lake levels (Gasse, 2000; Chalié and Gasse,
2002; Marshall et al., 2009, 2011; Fig. 4), wadi desiccation in
northern Sudan (Kröpelin and Soulié-Marsche, 1991; Pachur and
Hoelzmann, 1991), and a lowering of the main Nile (Said, 1993).
Blanchet et al. (2013) used bulk elemental composition, grain-size
analyses and strontium and neodymium isotopes from a sedi-
ment core collected on the Nile deep-sea fan to reconstruct the
progressive decline of Blue Nile discharge between 8 and 4 ka and
an arid phase centred on 3.5 ka BP which marks the end of the AHP
(Fig. 4). This phase is also recorded in our Sr data, which records the
lowest phase of Nile flow between 4 and 3 ka.

On the Nile delta, the water budget of Idku lagoon shifted from
marsh to marine-influenced lagoon conditions during this period
(Fig. 1; Chen et al., 1992), and the previous river-dominated cuspate
delta shifted to a wave-dominated arcuate system (Stanley and
Warne, 1993a). These processes occurred when Nile discharge
and sediment supply to the coast decreased, leading to more active
marine processes. Moreover, decreases in Cyperaceae from a
palynological record in the Burullus lagoon (northern delta) have
been interpreted as the vegetation response to lower Nile flow
during the same period (Bernhardt et al., 2012). In light of the
concomitant regional evidence, it is probable that higher seawater
inputs into the Maryut were linked to decreasing Nile flow.

The Maryut’s 87Sr/86Sr time series therefore describes the
transition from the AHP to regional aridity. Althoughwell identified
in far-field sites from the Saharan belt, the rhythm of the AHP’s
termination remains uncertain. Opinions vary between abrupt
climate change (e.g. deMenocal et al., 2000; Garcin et al., 2012) and
a non-linear site-specific response to gradual climatic forcing,
related to the decline in monsoonal precipitation, which followed
the decrease in summer insolation at low latitudes between ca 8
and 4 ka (Stager et al., 2003, Fig. 4; Marriner et al., 2012b; Kröpelin
et al., 2008; Marshall et al., 2011; Engel et al., 2012; Hassan et al.,
2012; Bernhardt et al., 2012; Blanchet et al., 2013; Revel et al.,
2013). In the Maryut, change from a Nile to a marine-dominated
lagoon appears to occur gradually between w5.5 and
w3.8 cal. BP (Fig. 3D). This progressive transition is confirmed by
the biomass proxies that gradually increase during the same period
(Fig. 3B and C). Our data emphasise the gradual hydrological and
ecological responses to the termination of the AHP.

4.3.4. Human impacts since 2 ka
In comparison to the previous period, the upper part of the

Maryut stratigraphy has recorded the dominant role of Nile inputs
into the lagoon, since at least 2 ka, with 87Sr/86Sr values being the
lowest for the whole sequence. Following the marine-influenced
lagoon environment identified up to 2.9 ka cal. BP (Fig. 3), the Sr
ratios shift from sea-like values towards the Nile end-member,
down to 0.7084, recorded at 1.8e1.7 ka cal. BP. Consistent with
this trend, low-brackish fauna characterize the sedimentary unit 4
(Table 1). Towards the top of the unit, 87Sr/86Sr display values be-
tween 0.7081 and 0.7086 that are lower than during the AHP (unit
2). Unfortunately, the sedimentary hiatus does not allow us to
precisely constrain the rhythm of the hydrological changes be-
tween units 3 and 4 (Fig. 4). Although Blanchet et al. (2013)
demonstrated slightly higher Blue Nile sediment discharge into
the Nile deep-sea fan, Nile water flow derived from precipitation
proxies does not show significant changes for this period (Fig. 4).
We suggest that the construction of the Alexandria canal, attested
at least since the early 1st century AD (but possibly dating back to
the foundation of Alexandria in the 4th century BC; Hairy and
Sennoune, 2006), has been a key factor in the evolution of the
Maryut lagoon, because the canal isolated the Maryut from the
newly formed Abukir lagoon and therefore from the sea (Fig. 1). At
this time, the lagoon was known as Lake Mareotis, used for trans-
portation and whose shores were densely occupied (Empereur,
1998; Khalil, 2008). Lake Mareotis was connected to the Canopic
branch through at least two ancient tributaries (Flaux, 2012). The
archaeological record attests to harbours and farm complexes close
to the lake, with all sites being attributed to Antiquity (Blue and
Khalil, 2010; Blue et al., 2011). Given the density of human occu-
pation, we suggest that irrigation practices since early Ptolemaic
times (Redon, 2007, pp.450e459), and in particular the digging of a
canal between the Canopic branch and Alexandria at least 2 ka ago,
probably isolated the Maryut from the sea and led to the desali-
nization of the Maryut lagoon.

A return to dominant marine inputs is recorded between w1.2
andw0.7 ka cal. BP (Fig. 4). Gypsumwas deposited at the bottom of
theMaryut during a retraction of the water body and concentration
of marine-derived waters, as suggested by the marine-like Sr
isotope composition of the gypsum. This implies both marine
incursion into the lagoon and the closure of the Maryut during
formation of the evaporite, consistent with a rapidly changing
landscape, which follows the Nile-dominated lagoon stage recor-
ded in unit 4. These data therefore reconstruct an important shift in
the Maryut’s hydrological budget at w1.2 ka cal. BP. After the Arab
conquest (w1.3 ka cal. BP), the export economy of Alexandria’s
countryside significantly declined. The role of the Maryut lagoon as
an important transport interface decreased and fluvial waterways
were slowly abandoned (Décobert, 2002). In addition, an agricul-
tural recession has been reported on the northern delta at
w1 ka cal. BP (Toussoun, 1926). In light of this, we suggest that the
Maryut sebkha can be linked to the abandonment and siltation of
Nile distributaries that reached the Maryut.

Since w0.7 ka, the Maryut has been reconnected to the Nile
(Fig. 4), as demonstrated by Sr isotopic ratios whose values are
lower than during the AHP, as well as by the lightly brackish fauna
characteristic of sediments from this last period (unit 6; Table 1).
This appears coherent with the digging of canals reported by his-
torical sources dating from this time (Guest, 1912; Toussoun, 1926).

Historical accounts for the period between the 15th and the 18th
centuries AD attest to significant annual variations in the lagoon
surface and Maryut landscape (Flaux et al., 2012). These rapid
changes, including the brief seawater flooding of the Maryut basin
by the British during the early 1800s (Awad, 2010), could not be
resolved by our data.

The last 2 ka have recorded: (1) higher variability in the Sr
isotopic composition; and (2) increased freshwater inflow to the
Maryut lagoon, compared to the period 7.5e3 ka (Fig. 4). This is
probably due to greater anthropogenic controls acting on the hy-
drology of the Maryut lagoon, in relation to the development of an
extensive irrigation network in the western delta after the foun-
dation and growth of Alexandria and its countryside. Furthermore,
water diversion from the Canopic branch (Fig. 1) may have accen-
tuated the gradual siltation of the Canopic channel. Blouin (2006)
has evoked a similar scenario for the Mendesian branch during
Roman times. Reinhardt et al. (1998, 2001) reconstructed the
desalinization of the Manzala lagoon, during the second half of the
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20th century, resulting from the diversion of Nile water into the
irrigation system and downstream to the lagoon (see correspond-
ing 87Sr/86Sr data shown in Figs. 3 and 4). At a millennial timescale,
the increasing diversion of Nile flow by societies since Antiquity
probably induced the disappearance of five of the seven branches
known in ancient times (Toussoun, 1922).

5. Conclusion

Strontium isotope ratios of ostracod shells were analyzed in two
cores and one section from the Maryut lagoon, in order to recon-
struct palaeohydrological changes. 87Sr/86Sr ratios are used as
proxies for Nile and seawater inputs into the coastal lagoon. In the
Maryut’s Holocene sequence, the outlier values range from
w0.7080 to w0.7092, i.e. indicating hydrological changes from a
Nile-dominated lagoon to a marine-dominated lagoon. Following
the marine transgression of the Maryut and the relative stabiliza-
tion of sea level between w7.5 and w6.8 ka cal. BP, the lagoon’s
hydrology was mostly controlled by fluctuations in Nile inflow. Our
data record high Nile flow up to w5.5 ka cal. BP, followed by a
gradual decrease to w3.8 ka, probably in relation to the end of the
African Humid Period and a transition towards more arid condi-
tions in the Nile watershed. For the last 2 ka, our data support
increasing human impacts on Nile flow in the western part of the
deltaic plain. The data demonstrate that the Maryut lagoon has
recorded a complex hydrological history. Previous palaeo-
ecological interpretations from the same sequence largely corrob-
orate the Sr time series. Although the two methods are comple-
mentary, an advantage of the Sr record is its ability to quantify the
relative inputs of seawater and freshwater into the system through
time. This work shows that strontium isotopes constitute a reliable
proxy to reconstruct water-budget changes in the Nile’s lagoons,
collectively mediated by basin-scale climate change and local to
regional-scale human impacts.
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